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Summary
A stated objective of the Aft Flow Ionization Experiment (AFIE) is to measure the
distance from a spacecraft antenna to a highly-ionized plasma surface in terms of the phase
angle of the antenna reflection coefficient. The total system consists of the antenna and
phase-measurement subsystems. This paper is primarily concerned with the antenna
subsystem and the theoretical relationship between the phase of the reflection coefficient
and the distance to a highly reflective boundary. It is concluded that radiation loss (energy
coupled into the region between the antenna ground plane and the reflecting boundary,
which is then radiated out the sides) distorts the phase-distance relationship that would exist
in an idealized nonradiating system and, thereby, degrades the accuracy of the distance
measurement. Radiation loss increases as aperture size decreases; therefore, small-
aperture, large-beamwidth antennas are undesirable for this application. The theoretical
conclusions of this paper are supported with laboratory measurements.
Background
TheAFIE distancemeasurementapproachis adirectoutgrowthof theRAM project,
describedin [I]. Thisprimaryreference,thereferencescitedtherein,andsomemore
recentworksareusedto assessthesuccesspotentialof theAFIE TheRAM distance-
measuringconceptis basedontheassumptionsthat(a)theelectrondensityof theplasmais
suchthattheplasmacanbemodeledasaperfectlyreflectingflat surfacewith areflection
coefficientl"p= -1 and(b) theantenna,transmissionmedia,andplasmacanbecollectively
modeledasashortedtransmissionfine for whichthereflectioncoefficient,Fs,canbe
expressedas
I" s = Vreflected = Fpe-2N ___-le-2N
V forward
(1)
where 7 = o_ + j[3 is the complex propagation constant and d is the one-way path length.
The phase ofFs, 0s, is
Os = _-213d = re- 4rt(d/_.) (2)
as stated in [1], p. 14. Note that 0s is independent of loss with this model, since nonzero
values of cx affect only the magnitude of Fs, P. Reference [2] is cited in [1] as providing
theoretical justification for this model and validating the linear relationship between 0s and
d, given by (2). However, a thorough evaluation of [2] leads us to conclusions
fundamentally different from those stated in [1], primarily because the circuit model
developed in [2], p. 17, is considerably more complex than the simple shorted, lossy
transmission line described by (1) and (2) and includes additional shunt elements to account
for radiation loss and energy storage. The variance between these models becomes very
pronounced when the aperture is much less than a wavelength and the near-field becomes
more spherical. In the circuit analogy, radiation is modeled by adding shunt conductance,
g, to the propagation-loss conductance associated with that portion of the transmitted signal
which is reflected back into the antenna. Susceptance, b, is due to energy storage in
nonpropagating evanescent modes at the aperture discontinuity or in the fields of the
hypothetical transmission line between the aperture and the reflecting boundary. The total
admittance, y, is the sum of the individual components and, therefore, produces a different
reflection coefficient (and hence phase angle) than would a nonradiating system.
l
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To illustratetheeffectsof radiation conductance, consider an idealized case in which
all b is attributable to the hypothetical transmission line and all g is attributable to radiation
loss. Without loss (g = 0), the locus of Fs(d) is the perimeter of the Smith chart (P = 1),
as shown in figure la, (b = -1), and 0s is proportional to d, as given by (2). With loss,
(g > 0), the locus of Fs(g) for an arbitrary, but fixed, value of b is along the appropriate
contour of constant b, as in figure Ib, (g = I and b = -I). 0s(g) with g = I differs by about
27 ° from that with g = 0. In general, 0s(g) changes with g in a nonlinear manner by an
amount that can approach 180°! It is shown in figure 4 of [2] that g is a strong function of
d and is zero when d = n_./2 (because P = 1 and there is no loss), and b is maximum at
these distances. Actually, the physical situation is not so simple as this example, and the
susceptance of nonpropagating modes significantly affects 0 s, as will be shown.
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TheoreticalResults
TheactualAFIE antennais presentlydefinedonly to theextentof far-field
performancespecificationswhichwill satisfythecommunicationsrequirementsin the
absenceof plasma.This sectionconsidershowwell thecomplexreflectioncoefficientsof
two theoreticalmodelsof radiatingapertureshavingperfectlyconductingsheetsin thenear-
field canbeusedto measuredistanceto thereflectingplane. In additionto theinfinite-slot
modelof [2], amorerecentmodelof acircularwaveguideexcitinginfinite parallelplates
hasbecomeavailable[3] whichhastheflexibility toincludeamultilayerdielectricsheet
overtheaperture,asis thecasewith theAFIE. The effects of aperture size and the
presence of a dielectric slab representative of Space Shuttle tile are considered, with phase
error defined as the maximum deviation of 0s from the straight line having a slope of
-4n(d/'L), as in (2), and an intercept corresponding to the phase at d = 0. Thus, the
intercept is not restricted to re, as in (2). This amounts to an initial calibration in which the
reflecting plate is located at d = 0, as advocated in [1].
The phase-measurement technique proposed for the AFIE requires the reflection-
coefficient magnitude to be no less than 0.316, corresponding to a return loss of -10 dB or
less, [1]. Thus, any value ofd for which 9 < 0.316 is considered to be outside the usable
range of the measurement. When plotted as a function of d, 0s is roughly repetitive in ),./2
zones and P exhibits points at t./2 intervals at which it approaches unity. Thus, the
ambiguity associated with a phase measurement must be resolved in order to ascertain the
correct t./2 zone if measurements beyond d = _./2 are required.
A major, though unproved, contention of [1] was that reducing the "free-space
mismatch" of the antenna to zero (with a tuner) would guarantee linearity between 0s and d.
The linear transformation corresponding to free-space impedance matching is applied to the
input admittances of both models and shown to have mixed effects on 0s-d linearity.
I. Infinite-slot aperture [2].
The input admittance plots of [2] were transformed so that the antenna was impedance
matched with d = oo. The variables P and 0s were computed and plotted against d in
figures 2 through 12 for normalized slot widths (w = W/L) of 0.1, 0.278, 0.6 and 1.0,
with and without flee-space impedance matching. The "matched" curves were all initialized
to 180' at d = 0 to facilitate interpretation. In all cases, the straight line described by (2)
was included for comparison. The results are summarized in Table I where the maximum
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distance-measurementerror ineachzoneis tabulatedfor variousparameters.It canbeseen
that:
(a) Radiationlossdefeatsthemeasurementovermuchof thew-dmatrix,including the
first zonefor w = 0.1,asindicatedby shading.
(b)
(c)
(d)
(e)
"Phase capture" occurs beyond the first zone for w = 0.1 and 0.278 due to the large
free-space mismatch. Phase capture occurs when the signal reflected from the sheet is
smaller than the reflection from the aperture discontinuity, and the phase of the sum is
dominated by the large signal.
Matching eliminates phase-capture in the higher zones and reduces the phase error by
about 24 percent in the first zone for w = 0.1 and 0.278. Matching increased phase
error in all zones for w = 0.6; with w = 1.0, the aperture was essentially matched (see
fig. 27).
Increasing w is always helpful because the radiated energy is more collimated and less
is lost to radiation into the parallel-plate waveguides.
P generally (but not always, see fig. 7) decreases as dYL increases and additional
propagating modes are introduced. Thus, only the first zone (d/'L < 0.5) is usable
unless w > 0.6.
II. Circular waveguide aperture [3].
The physical model for this case is shown in figure 13. A circular waveguide
aperture having a normalized dimension of A = Diameter/'L radiates into infinite parallel
ground planes. The medium between the ground planes is assumed to have a complex
relative permittivity of (1.0-j0.00001). Plots of 0s and 9 versus d are shown in figures 14
through 17 and the results are summarized in Table II. More detail on the variation of 0s
from the straight line defined by (2) is given by figures 18 and 19. Matching is beneficial
only for A = 0.6, where the phase error in the first zone is reduced by about 40 percent and
the "phase-capture" effect evident in figure 14 is eliminated. Matching has little effect for A
> 0.6. It can be seen from (2) that the distance-measurement error in wavelengths is found
by dividing the phase error, in radians, by -4r_ (or if the phase error is in degrees, by
5
-720). Anothermajorobservationis thatonly whenA > 1.5 and 19> 0.316 can a
measurement be made beyond d = L/2.
III. Circular waveguide covered with dielectric sheet [3].
As shown in figure 20, a multilayer dielectric sheet representative of Space Shuttle tile
covers the aperture. Plots of 0s and P are shown in figures 21 through 24, with the results
summarized in Table III. The deviation of 0s from (2) is plotted in Figures 25 and 26.
Matching is, as before, primarily beneficial in reducing phase capture but does not
otherwise significantly improve 0s-d linearity. The dielectric sheet causes additional
radiation loss due to surface-wave propagation, and the total loss is so great that for
A = 0.6 and 0.8, i9 is too small, even in the first zone, to measure phase. When A > 1.5,
the free-space match improves greatly, there is no evidence of phase-capture, and P is
sufficient to make a measurement, if the resulting linearity is acceptable; the case A = 3
allows measurements out to at least two wavelengths.
To the extent that this model is a reasonably accurate representation of the AFIE
antenna, the results are ominous because they show that a fundamental conflict exists
between the aperture size requirements for distance-measurement and communications
purposes.
The effect of aperture size on the free-space voltage standing-wave ratio (VSWR) of
the three models is shown in figure 27. The infinite slot cutoff is at w = 0, whereas the
circular aperture cutoff is at A = 0.586. It can be seen that w >__0.6 for the infinite slot and
A > 0.8 for the circular aperture without tile will keep the VSWR below 1.2:1. With tile
present, matching will lower the residual VSWR of the larger apertures, which is seen in
Table 117, to slightly improve the linearity by reducing internal reflections.
IV. Application to Reference 1.
It is of interest to examine [1] for results which pertain to the conclusions of this
paper. The model of figure 20 is applied to the S-band (3.348 GHz) antenna of [1], for
which some measured results are available. The antenna in [1] differed slightly from the
theoretical model of [3], which is more appropriate for the AFIE, in that it was only
partially loaded with a dielectric plug. The behavior of this antenna as predicted by [3] is
compared in figure 29 with measured data from [1], where it is seen that only the first zone
is usable. Figures 28 and 30 show that the maximum phase error in the first zone is about
6
55°. Theslightdeviationof figure 29 fromfigure 8(b)of [1] is possiblydueto thefinite
sizeor lackof parallelismof thereflectingplates.
It is alsonoteworthythattheL-bandantennain [1] wasunusablefor phase
measurementevenin thefirst zone.Only at X-bandwherethephysicalaperturewas1.699_
couldaphasemeasurementbemadebeyond5 cm,becauseP < 0.316.
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AdditionalAccuracyConsiderations
In additionto thetheoreticalissueof nonlinearitybetween0s andd, theprimaryfocus
of thispaper,thereareanumberof otherfactorsthatcanfurtherdegradethedistance-
measurementaccuracy.This sectionbriefly discussesanumberof thesefactorsthathave
beenidentified.
I. Four-probephase-measurementtechnique.
Thefour-probephase-measurementtechniqueis crudeby modernstandardsand
usefulonly whenthereturn lossis lessthan- 10dB (t9 = 0.316),asnotedearlier. This is
becausetheratioof maximum-to-minimumvoltagefrom asquare-lawdetectormonitoring
theE-field alonga transmissionline decreaseswith P,asshownbelow:
p_. p_.._.2 (Vmax/Vmin)2
0 1 1 oo
-3 0.707 0.5 33.94
-10 0.316 0.1 3.70
-20 0.1 0.01 1.49
Accordingto [1], theadditionalphaseerrorcausedby a-10dB returnloss
(P = 0.316and90percentof theincidentpoweris radiatedor lost throughdissipation)is
on theorderof 10electricaldegrees.Theresultspresentedheredemonstratethatphase
errorsgreatlyexceeding10° canoccurwith valuesof P muchgreaterthan0.316,for
example,thefirst zonein figures16and 18,
An additionaldifficulty associatedwith thisphase-measurementtechniqueis the
ambiguitywhichariseswhenthenetpathlengthbeyondthecalibrationplaneexceedsL/2.
In principle, one might use the variation of P with d, P(d), to resolve the ambiguity, but it
can be seen from the P(d) plots that this approach is highly questionable beyond the first
zone because the difference between values of P corresponding to additional k/2 increments
is quite small.
II. Plasmaassumptions.
Thefact thatthereflectingboundaryis animprecisely-characterizedplasmainsteadof
aperfectlyconductingsheetraisesanumberof questionsandconcems.For example,
(a) thereis no theoreticalassurancethattheeffectiveplasmareflectioncoefficientin (1) is
for finite apertures;apreflightcalibrationwith ashortingplatecannotresolvethis
uncertainty,
(b) the boundary between free space and the plasma medium is not abrupt, but gradual,
producing a net reflected wave that is the vector sum of many individual reflections
occurring over a finite distance,
(c) geometrical variations from the theoretical models (specifically, the plasma is not
perfectly flat, but will have some curvature) and lack of parallelism between the
conducting surfaces of the spacecraft and the plasma (tilt) may cause further reduction
in the returned signal level, and
(d) change of path propagation velocity due to the presence of the plasma effects the
wavelength in the medium, and hence, the inversion algorithm, (2).
III. The AFIE antenna.
Interfacing unobtrusively with a communications system which is being designed
strictly from a communications viewpoint creates another layer of potential problems. For
example,
(a) the transmitted signal is not continuous wave, but binary phase shift-keyed and
occupies a bandwidth of about 6 MHz. This will tend to "blur" the phase
measurement, particularly at the maximum values of d where phase dispersion is
maximum,
(b) the source VSWR at the generator port of the probe network must be kept quite low to
prevent significant source-mismatch reflections which produce the same type of phase-
measurement errors as free-space mismatch,
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(c) the fact that multiple antennas are used on a switched basis to assure full spatial
coverage can be expected to complicate calibration and data processing,
(d) the multilayer, dielectric, nonablating heat shield profoundly affects the antenna
characteristics, as was demonstrated here. Either something must be done to
significantly reduce surface wave excitation and propagation, or a larger aperture used
if there is to be any chance of a measurement, and
(e) preflight matching of the antenna will probably be incorrect for actual flight conditions
because of the environmental dissimilarities, leading to a residual mismatch under
actual flight conditions and associated phase error.
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ExperimentalResults
A microstripdisk antennawasmountedona4 ft x 4 ft groundplane(9.35Xat
2.30GHz) andthecomplexreflectioncoefficientmeasuredwith avectornetworkanalyzer
asaparallelreflectingsheetwasmovedout to distancesup to 3k. Thesedataareplottedin
figures31and32andaregenerallyconsistentwith thepredictedbehavior.Phasecapture
is evidentpastthefirst zonealthoughthemeasured"freespace"returnlossof theantennas
was-27dB. Themeasuredmaximumreturnlossin thefirst zonewas-8.54dB, corre-
spondingto aP of 0.374.That themeasuredminimumP in thehigherzoneswasno less
than0.55wasattributedto thefact thatthemeasurementsweremadein a shieldedroom
insteadof ananechoicchamber.Themaximumphasedeviationof themeasureddatafrom
(2)wasabout48° in the first zone, a distance measurement error of about 0.067_.. These
results are reasonably close to those for the matched slot-aperture configuration with
w = 0.278, as can be seen in figure 7 and Table I.
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ConcludingRemarks
All of theseissues,andperhapsmorewhichnowremainunidentified,mustbe
addressedandquantifiedin orderto arriveat anoverallestimateof theusefulnessof this
distance-measurementtechnique;however,thefollowing conclusionscanbereasonably
drawnon thebasisof whatis nowknownandwaspresentedhere:
(a) Dueto thewideantennabeamwidth(s)mandatedbythecommunicationsrequirements
andthecorrespondinglossof returnedsignalstrengthdueto radiation,which is
exacerbatedby thenonablatingheatshield,it appearshighlyunlikely thatadistance
measurementcanbemadewith this techniqueevenin thefirst zone(0 < d < _./2)
unlesssomemethodof reducingsurface-wavexcitationandpropagationcanbe
devised,In [1], thehornsweredeliberatelyextendedthroughthedielectricto achieve
thisresult.
(b) Resolutionof phaseambiguity,which occurswhend > _/2, with measuredreflection
coefficientmagnitudedataappearshighly infeasible.
(c) Even in the d < ),./2 region, the nonlinearity between 0s and d is quite significant with
small apertures and may in itself be unacceptable, even in the complete, though
unlikely, absence of other sources of error.
Based on the factors and considerations discussed here, it must be concluded that the
AFIE distance-measuring scheme as now proposed appears to have a low probability of
success. A final assessment can be made when a candidate AFIE antenna is available for
testing in conjunction with actual, or closely simulated, nonablating tiles, which were
shown here to have a significant impact on antenna performance in this application.
12
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